To assess the relationship between ethnicity and hypertension using individual admixture and blood pressure measurements, we performed a cross-sectional study of African American and Hispanic American (HA) women enrolled in the Women's Health Initiative. The admixture odds ratio for systolic and diastolic hypertensive risk was determined using linear regression models in which the proportional measurements of European (EUR), sub-Saharan African (AFR) and Amerindian (AMI) admixture was analyzed using ancestry informative markers. In both African-American women (n ¼ 10 147) and HA women (n ¼ 4908) there was a significant positive association between hypertension and African admixture (Po10 À4 ). This relationship was observed for both systolic and diastolic hypertension examined as a continuous or dichotomous trait, and whether age, body mass index, years since menopause and a measurement of socioeconomic status were used as covariates. The odds ratio associated with AFR admixture in a dichotomous model of hypertension was 3.06 (95% confidence interval 2.72-3.45). AMI admixture was associated with lower odds of hypertension and appeared to be more protective, relative to EUR admixture. These data show that African admixture increases the risk for hypertension and provide additional support for evaluating therapeutic efficacy and conducting genetic analyses of hypertension in different ethnic groups.
Introduction
Hypertension is the leading cause of renal failure and has a huge burden on medical care. 1 Previous studies have reported that African Americans (AFAs) have a higher prevalence of hypertension than other ethnic groups. [2] [3] [4] The National Health and Nutritional Examination Survey found that the prevalence of hypertension in AFA was 1.6 greater than European Americans and 2.5 greater than Mexican Americans. 2 This difference may be due to genetic differences and it has been postulated that the propensity for developing hypertension in individuals of African descent may be due to natural selection favouring gene variations that preserve salt retention. 5 Others have suggested that it is secondary to environmental factors. [2] [3] [4] A potential contributing factor to the differences in prevalence of hypertension may be the degree of admixture within individuals residing in the United States, a highly heterogeneous genetic population. Previous studies have either not shown a statistically significant difference in African admixture within AFA subjects with and without hypertension 6, 7 or have shown modest differences. 8 Although one group found hypertension association with specific African inherited chromosomal regions 6 these findings have not been supported by other studies. 7 In addition, these previous studies did not consider socioeconomic status (SES) as a possible confounder. Given the inconclusive findings on the association between admixture and hypertension, we investigated the relationship between blood pressure (BP) and the relative proportion of sub-Saharan African (AFR), Amerindian (AMI) and European (EUR) admixture in a subset of the Women's Health Initiative (WHI) participants who self-identify as AFA or Hispanic American (HA).
Methods

Study subjects
This study includes self-identified AFA and HA participants in the WHI. Descriptions of the WHI study and additional details describing this study have been published. 9 The WHI eligibility criteria included: (1) age at entry between 50 to 79; (2) the ability and willingness to provide written informed consent for the pertinent program components; (3) an expectation of being resident in the study recruitment area for at least 3 years following enrolment; and (4) the absence of any exclusion criterion. Exclusion criteria were: (1) presence of medical conditions predictive of a survival time of o3 years; (2) conditions or characteristics inconsistent with study participation and adherence (alcoholism, drug dependency, mental illness and dementia); and (3) active participants in a randomized controlled clinical trial. All studies were conducted with appropriated informed consent and in agreement with established Human Institutional Review Board procedures. The final sample size that was utilized in the phenotypic analyses included 17 118 individuals (11 923 self-identified AFA and 5195 self-identified HA) for whom we had genotyping data.
Phenotypes and covariates BP was determined using baseline data from both the Observational Study and Clinical Trial components of the WHI study. For these study entry BP measurements all subjects abstained from food and drink consumption within the 5 h preceding testing. Trained and certified technicians measured the arm circumference and used the appropriate cuff size and a standard mercury manometer for determining BP. BPs were measured after the patient had been sitting in a quiet room for 5 min with her arm supported. Cuffs were inflated to 30 mm above the disappearance of a radial pulse by palpation. The manometer was permitted to deflate at a rate of 2 mms s -1 . A second BP was recorded in the same way after the participant had moved her arm around and then rested it for at least 30 s. Both measures of systolic and diastolic pressure were recorded. The mean of two entry BP readings were used for all analyses and were adjusted for treatment using the same adjustments applied in previous genetic studies (5 mm Hg is added to diastolic measurements and 10 mm Hg is added to systolic measurements). 10 This adjustment has been included to account for the average response to therapy and is supported by previous family studies. 11 We also used categorical classifications (hypertensive or normotensive) to assess the odds ratios (OR) for hypertension in the admixed populations. For these assessments, we used the following definitions: (1) In addition, we also performed analyses in which individuals that met either diastolic or systolic definitions were classified as hypertensive and individuals meeting both diastolic and systolic definitions for the normal range were classified as normotensive.
We adjusted analyses for standard covariates used in a previous genetic study. 10 These were age, age squared and body mass index (BMI). We note that results were nearly identical when age rather than age and age squared was used as a covariate. We also adjusted for SES using a standardized geocoding protocol 12 that linked individual WHI Observational Study and Clinical Trial participant addresses to year 2000 US Census Federal Information Processing Standards codes and tract-level socioeconomic data. A summary measure of each participant's neighbourhood socioeconomic environment was estimated from the tract-level data using six variables representing several dimensions of wealth and income: (1) natural log (median household income); (2) natural log (median value of housing units); (3) percentage of households receiving interest, dividend or net rental income; (4) percentage of adults 425 years of age who had completed high school; (5) percentage of adults 425 years of age who had completed college; and (6) percentage of employed persons 416 years of age in executive, managerial or professional specialty occupations. The six variables were converted into standardized (z) scores by subtracting the population-specific mean from the value associated with each participant's Census tract and then dividing the difference by the populationspecific s.d. The transformation was performed separately within the Observational Study and Clinical Trial and generated six z scores, each of which indicated the deviation of the tract level value from the corresponding, population-specific mean and summed to zero across the population. A neighbourhood summary z score was then constructed by summing the six z scores. As our model was aimed at controlling for neighbourhood SES among combined populations of both the Observational Study and Clinical Trial participants, we included an indicator for population and a population summary z score interaction term in the regression analyses. In addition, supplemental analyses we also included years since menopause.
Years since menopause was included since previous studies have shown that the risk for hypertension in post-menopausal women peaks 5 to 9 years after menopause, and the risk decreases a decade after menopause. 13 This was performed as a supplemental analysis since menopause age was only available for B80% of participants.
Genotyping methods
Genotyping was performed using the TaqMan OpenArrays (https://products.appliedbiosystems.com/ab/ en/US/adirect/ab?cmd ¼ catNavigate2&catID ¼ 605783) (ABI) (Foster City, CA, USA). Genotypes were scored using the OpenArray SNP Genotyping Analysis Software provided by the manufacturer. All assays were validated by concordant results with standard ABI TaqMan assays (498% concordance) for 448 assays. Individual images of each open array were used to exclude open arrays or sections of open arrays with technical failures. All ancestry informative marker (AIM) single-nucleotide polymorphisms had 493% call rate and showed 498% concordance in 5% duplicate assays. All individuals had 490% call rate when technical exclusions were considered. The mean call rate for the included subjects was 97.1%. All AIM single-nucleotide polymorphisms were in Hardy-Weinberg equilibrium (P40.005) in parental populations.
Ancestry informative markers
The AIMs were chosen based on our previous studies. 14 The final marker set included 92 single-nucleotide polymorphisms that demonstrated large differences in allele frequency between ancestral populations from Europe, sub-Saharan Africa and America (Supplementary Table S1 ).
Admixture assessment
The 17 118 individuals were assessed for AFR, AMI and EUR contribution using STRUCTURE v2.3.3 (ref. 15) analyses of AIM genotyping results as previously described. 14 The analyses were performed with using representatives of the three parental populations (96 samples each) and under the assumption of three populations (K ¼ 3) and with representatives of the two parental populations (K ¼ 2) under the assumption of two populations.
For AFA, we restricted analyses to those selfidentified participants with 420% AFR and o5% AMI admixture containing 11 058 participants from the total 11 923 AFA group to both minimize potential database or laboratory errors that cause miss-assignment and more accurately assess AFR and EUR admixture. This definition excludes only extreme outliers (42 s.d.) in the self-AFA admixture analyses. For this group (AFA420% AFR, o5% AMI) the admixture was then re-evaluated using K ¼ 2 in which the contribution of only AFR and EUR was considered. For the HA, in addition to examining the entire set of self-identified participants, we also examined the subset of individuals with 410% AMI and o5% AFR ancestry to further assess the possible differences between AMI and EUR admixture (2018 of the 5195 self-identified HA).
Statistical analyses
Analyses were conducted for the following groups: ALL (including all self-identified AFA and selfidentified HA), AFA (self-identified AFA participants with 420% AFR and o5% AMI admixture) and HA. The effect size of admixture was measured as the proportion of the s.d. of the BP using models incorporating appropriate covariates. This allows the standardizing of the effect proportional on the amount of variation thus enabling comparison of the effects on different measurement scales. The linear regression was performed to study the admixture effect on the traits, in which the admixture effect was assessed as a continuous variable on the standardized continuous dependent variable BP.
To estimate OR for the effect of admixture we used the dichotomous definitions (as stated under Phenotypes and Covariates). Logistic regression was conducted to obtain the OR and 95% confidence intervals (CIs). All analyses were conducted using the version 9.2 of the SAS programming language (SAS Institute, Cary, NC, USA).
Results
BP measurements in AFA and HA women Systolic and diastolic blood measurements were substantially different between AFA and HA subjects (Table 1) . Compared with HA, the mean systolic BP in AFA was significantly higher with and without correction for age, and BMI or SES (Po0.0001). AFA also had a significantly higher BP compared with a HA subset enriched for AMI admixture (410%) and with limited for AFR admixture (o5% AFR) set (Po0.0001). Similarly, diastolic BP was also significantly higher in AFA than in either HA subset (Po0.0001). Although the differences were small, with or without correction for covariates there was also a significant difference between the entire HA group and the reduced HA subset for both systolic and diastolic BP (all P-values o0.006).
Correlation of BP with AFR admixture
Considering the relationship between BP and ancestry, we first examined the distribution of BP with AFR admixture without considering covariates. Examining normally distributed BP groups there was a strong correlation with AFR admixture in the entire subject set and in each subgroup examined (Figure 1 ). This correlation was observed for both systolic and diastolic BP and in both AFA and HA groups analyzed separately (Po0.0001).
Estimation of the effect of AFR admixture on hypertension To more precisely determine the effect of admixture, a linear regression model was examined with BP tested as a continuous trait with covariates for age, age squared and BMI. Significant association between AFR admixture and both systolic and diastolic BP were observed in the entire set, as well as in the AFA and HA subsets (Po0.0001 in each case) ( Table 2) . Addition of SES index as a covariate did not change the results (Po0.0001 in each case). When all covariates were included, the increased risk for hypertension attributable to a unit increase in AFR admixture (from 0% AFR to 100% AFR) ranged from 0.33 to 0.71 as a fraction of s.d. in BP measurements with the largest effect observed in HA for diastolic BP (Table 2 ). In addition, supplemental analyses for the subset of subjects with age of menopause information showed nearly identical results when years post-menopause (MEN) was included as another covariate (Supplementary  Table S2 ).
Admixture risk for hypertension
As another measure of the relationship between admixture and hypertension we examined the OR using our dichotomous definitions of hypertension (see Methods). The OR and 95% CI for admixture with each parental population group was determined using age, age-squared, BMI and SES as covariates (Table 3 ). Similar to the continuous model results, AFR admixture showed a significant increased risk for diastolic and systolic hypertension in each of the groups examined (Po0.0001). This effect was also observed when hypertension was defined as meeting systolic and/or diastolic criteria (either group, Table 3 ). The largest effect was again observed for diastolic hypertension in the HA group (OR ¼ 3.53, CI ¼ 1.93-6.51, Po0.0001), however, each systolic group (ALL, AFA and HA) showed an OR of 42.0 for AFR admixture.
For each of the analyses both EUR and AMI admixture showed protective effects (Tables 2 and 3) . AMI admixture in contrast to EUR admixture had a To further examine the potential differences between EUR and AMI admixture, we examined larger groups of subjects controlling for AFR admixture (ALL and the entire HA set with 4908 individuals). For diastolic hypertension or a model including both diastolic and systolic hypertension, AMI admixture was significantly protective in the entire subject group (P ¼ 0.001, P ¼ 0.007, respectively) and the HA group (P ¼ 0.033, P ¼ 0.031 respectively) ( Table 4 ). For systolic hypertension there was a similar but not significant protective effect of AMI admixture.
Discussion
Although previous studies have shown that AFA have higher rates of hypertension than other large ethnic groups in the United States, there has been some controversy concerning the relative contribution of environmental and genetic factors to this health issue. [2] [3] [4] Previous studies have also suggested that AFR admixture in AFA was associated with hypertension but either failed to reach statistical significance or showed only a modest effect. [6] [7] [8] This study shows statistically significant association of AFR admixture and hypertension in both AFA and HA population groups. Our study differs from previous studies with respect to having a much larger sample size and that our participants were restricted to adult post-menopausal women.
In this study, the association of higher BP with AFR admixture was observed either when BP was examined as a dichotomous variable (hypertensive or normotensive) or as a continuous variable. These results included a significant correlation with normally distributed BP groups that is only likely to be found if there are multiple ancestry-associated genetic loci in disparate chromosomal locations that contribute to this association. We note that simulation models indicate that when there is a single locus responsible for a specific trait the effects of admixture are small compared with when there are multiple predisposing loci originating in one parental ancestry under conditions where the cumulative genetic risk is held constant (C Tian, LQ and MFS, unpublished data).
It is also notable that our study includes SES in addition to other important covariates. Although accounting for SES did not change the results, we should caution that the measurement we used may not adequately capture the different social or other potentially important environmental contributors to hypertension as suggested by others. 16 In our study, SES was ascertained using census tract data linked to enrolment addresses. As alternatives, analyses were also performed using self-reported income levels and levels of self-reported education scales as covariates. These results showed similar OR for the analyses and did not change significance levels (data not shown). In addition, analyses examining the interaction of SES and ancestry for dichotomous measures of hypertension did not detect any evidence for interaction in either the AFA or HA groups with systolic or diastolic hypertension (data not shown). However, these results do not exclude ancestry-environment or gene-environment interactions.
In addition to difficulties in fully accounting for environmental effects, this study has several additional limitations. Variability in assessing BP and categorizing hypertensive and non-hypertensive groups is a potential concern especially when single visit data is utilized as was our main analyses. To address this concern, for individuals with multiple visit BP determinations we have also analyzed median BP. These results were consistent with those of the main analysis (Supplementary Table S3 ). Other limitations of this study include our inability to assess whether additional substructure (for example, different African of AMI tribal group origin might also be an important factor), biases introduced by utilizing specific recruiting sites and recruiting methods, as well as the voluntary participation in the study that may not adequately represent the underlying population(s).
Consistent with most previous studies HA participants in our study showed lower BP and a lower percentage of hypertension than the AFA subjects. 2, 16, 17 Similar to AFA, AFR admixture in HA showed increased risk for hypertension. The association of AFR with increased risk for hypertension in HA may correspond to differences in Caribbean The number of subjects meeting either Normo or Hyper for classification groups are indicated. These differ from the total subject numbers in Table 1 The OR attributed to a unit increase in admixture. For these analyses the OR reflects the propensity for hypertension attributed to admixture of the indicated continental group. All analyses were performed using the following covariates: age, age squared, body mass index and socioeconomic status. 14, [18] [19] [20] Although one prominent study concluded that Puerto Rican Americans are similar to Mexican Americans with a lower frequency of hypertension compared with non-Hispanic EUR Americans 21 this interpretation has been questioned based on methodological issues 22 and one cross-sectional study found a 2.6-fold risk for systolic hypertension in Puerto Rican Americans compared with non-Hispanic EUR Americans. 23 In addition, the differences in admixture among these populations may explain why some 2 but not other studies 16, 17 have suggested that HA have lower frequency of hypertension than non-Hispanic EUR American populations. Indeed, a recent admixture study in Puerto Ricans has also found AFR admixture to be associated with hypertension and a trend for AMI admixture to be inversely associated with hypertension. 24 The protective effect of AMI admixture observed in our study of BP may appear surprising given the high prevalence of obesity and diabetes in AMI populations. 25 However, in previous studies nondiabetic Pima Indians showed B30% lower prevalence of hypertension than the corresponding US population. 26 and multiple AMI tribal groups have a lower prevalence of hypertension in AMI or milder hypertension compared with non-Hispanic white populations. 27, 28 A protective effect for AMI admixture has also been reported for peripheral artery disease in HA. 29 It is important to point out that the increased risk for hypertension associated with AFR admixture was observed for systolic as well as diastolic hypertension. There is strong evidence that systolic hypertension is important in predicting cardiovascular or other health consequences including death. 30 For elderly patients several studies have alternatively suggested that increased pulse pressure may be more relevant to outcomes than systolic BP 31, 32 although this may depend on the metric used for analyses. 33 We also observed that differences in pulse pressure were associated with ancestry, although these effects were not as strong (Supplementary Table S4 ). However, it should be noted that other studies in elderly populations suggest that systolic BP and even diastolic BP may be better noninvasive predictor of adverse cardiovascular outcomes than pulse pressure 34, 35 and thus each of these measurements may be useful. In this study, for particular population groups there was a larger admixture effect observed for diastolic than systolic BP. It is unclear what underlies this difference. Saltsensitive hypertension, more commonly associated with hypertension in AFA than in EUR Americans has a larger effect on systolic than diastolic hypertension 36 and is not likely to underlie differences in diastolic compared with systolic risk ratios. This study does not address if AFR admixture is associated with salt-sensitive hypertension nor does it add to inferences with respect to natural selection in sub-Saharan Africa favouring gene variations that preserve salt retention. 5 
Conclusion
This study shows significant association between AFR admixture and hypertension in both AFA and HA population groups. Although we cannot exclude that other factors including diet may underlie or interact with genetic differences, the data suggest the importance of focusing genetic studies in higher risk AFA despite potential difficulties in addressing complex genetics in mixed population groups. 37 If there are multiple gene variants that are present only in AFR or AFR admixed populations, then failure to study these groups would miss the opportunity to identify these genetic factors. Furthermore, it may be important to assess these genetic effects in the context of admixed genomes because it is unclear whether there are epistatic interactions between AFR and other parental ancestry groups. It is also uncertain whether the differences associated with AFR admixture will also have an impact on measures to address hypertension in these populations. Several studies have examined pharmacologic responses in different ethnic groups and have noted significant differences with certain specific antihypertensive drugs. [38] [39] [40] These studies suggest the potential value of ethnic information in tailoring therapy. We believe that our findings The OR attributed to a unit increase in admixture. For these analyses the top and bottom quartiles were compared and the OR reflects the increased or decreased risk for higher obesity measurement attributed to admixture of the indicated continental contribution. All analyses were performed using the following covariates: age, age squared, body mass index, years since menopause and socioeconomic status. emphasize that investigators should consider admixture and in particular AFR admixture in assessing the efficacy of therapy. Such efforts may prove to be useful in not only AFA population groups but also in certain HA population groups with AFR admixture.
